Introduction
There has been much recent research interest in vanadium connected with a number of developments concerning industry, the environment, and medicine [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Vanadium has dual character depending on its concentration; it easily switches between the oxidation states +5 and +4 (which, along with +3, are the oxidation states of naturally occurring vanadium compounds) [1] . Vanadium(V) can be almost as toxic as lead, cadmium, and mercury [9] , but it also has beneficial biological functions. The roles of vanadium in physiological systems include normalization of sugar levels, participation in various enzyme systems as an inhibitor and a cofactor, and catalysis of the oxidation of various amines [6] . Vanadium acts as a growth-promoting factor, participates in fixation and accumulation of nitrogen in plants [4] , and favourably affects cardiac muscle and diuretic kidney function. The antidiabetic potential of vanadium is currently under intense investigation [1, 2] .
Vanadium is anthropogenically released in large quantities into the environment, mainly in the effluent from combustion of crude petroleum, coal and lignite [4, 7] . Various industrial processes are also sources of vanadium pollution -dyeing, ceramics, ink, catalyst, steel and phosphate manufacturing [3] [4] [5] 7] . Vanadium compounds are well recognized occupational hazards in boiler cleaning and V 2 O 5 production and usage. Presence of vanadium in excess of the Threshold Limit Values (0.5 mg m -3 of air, 0.1 mg m -3 of fume and 0.1 mg L -1 of drinking water) is reported to cause anemia, cough, emaciation, irritation of mucous membrane, Ternary complexes of vanadium(IV) with 4-(2-pyridylazo)-resorcinol (PAR) and ditetrazolium chlorides (DTC) the development of better procedures for V(IV)/V(V) speciation -an important task for many present day researchers [3, [6] [7] [8] [9] [10] [11] 
Procedure
Aliquots of V(IV) solution (up to 2.0 mL), buffer solution (3.0 mL), PAR solution (up to 1.5 mL) and DTC solution (up to 2.0 mL) were introduced into 125-mL separatory funnels. The resulting solutions were diluted with distilled water to a total volume of 10 mL. Then 10 mL of chloroform was added and the funnels were shaken for 0.5-3.0 min. A portion of the organic extract was filtered through a filter paper into a cell and the absorbance was read against a blank.
For preparation of ternary complexes in solid state 2×10 -3 mol L -1 aqueous solutions of V(IV), PAR and DTC in 1:2:2 or 1:2:1-volume ratio were mixed in the presence of acetate buffer solution (pH 4.0-4.7). Then 10 mL of chloroform was added and the funnels shaken for 1.5 min. The organic layer was filtered through a filter paper impregnated with chloroform into a 25-mL beaker and carefully heated up to 70-85°C for complete evaporation of the solvent.
Results and Discussion
Vanadium(IV) forms two binary 1: [35] . The first complex is formed in the pH region from 1.0 to 4.8; it has a molar absorptivity coefficient of gastrointestinal disturbances and bronchopneumonia [4] . These anthropogenic factors along with the natural occurrence of vanadium [11] , demand close monitoring and reliable analytical methods. The complexation of vanadium(V) with 4-(2-pyridylazo)-resorcinol (PAR) is widely used in analytical chemistry [12] [13] [14] . Many spectrophotometric procedures for vanadium(V) determination based on three-or four-component systems involving V(V)-PAR have been reported [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] but little attention has been paid to complexation between V(IV) and PAR in the presence of auxiliary reagents [30, 31] . Here, we report the formation and liquid-liquid extraction (LLE) of ternary V(IV)-PAR-ditetrazolium chloride (DTC) ion-associated complexes with the following DTCs:
Tetrazolium halides are well-known compounds [32] possessing a positively charged five-membered ring(s) of one carbon and four nitrogen atoms. They are able to form slightly water-soluble ion-associated complexes with various anions and could potentially be used for LLEspectrophotometric or potentiometric determinations of metal and non-metal species involved in the anionic part of the complex. Unlike amines, tetrazolium halides can be used without preliminary protonation [32] . They are thermally stable [33] , and less toxic than arsonium and phosphonium salts. Unlike other cationic dyes they can be used in high concentrations, if necessary, without causing problems with spectrophotometric measurements [32] . It is known that DTCs have some advantages over monotetrazolium salts as LLE reagents: a) stepwise complex formation with DTC is not expected; only one complex is usually extracted in the organic phase; b) the higher molecular mass of ditetrazolium cations DT 2+ ensures better hydrophobicity and extraction ability of the ion-associate formed; c) a smaller reagent excess is usually needed for maximum extraction.
This series of investigations will allow a direct comparison of the properties of DTC-complexes obtained with V(V)-PAR [25, 34] and V(IV)-PAR on one hand and of the properties of V(IV)-PAR-monotetrazolium [30] and V(IV)-PAR-ditetrazolium on the other hand. These comparisons will be useful for better understanding the chemistry of V(IV) and V(V) -the two most important vanadium oxidation states, and can help in [35, 36] . Since V(IV) is oxidized by atmospheric oxygen in slightly acidic and neutral media [7] [8] [9] [10] 35] it has been concluded that the V(V)-complex has formed at pH 6.0 [35] or 5.2 [37] , independent of the original vanadium oxidation state.
In the presence of monotetrazolium-or ditetrazolium halides, the
-is transformed to well extractable ternary complexes in which PAR-to-V(V) molar ratio is 2:1 [25] [26] [27] [28] [29] 34] . The absorbance maxima of such complexes lie at 560 nm in chloroform [25] [26] [27] [28] 34] and 555 nm in dichloroethane [29] . In our previous investigations of the V(IV)-PAR ternary complexes formed with monotetrazolium chlorides (MTC) [30] :
2-we recorded an absorbance maximum at 557 nm when the pH was below 5.1. At higher pH the maximum tended to 560 nm -an indication of the aerial oxidation of V(IV) to V(V) [30] .
Absorption spectra and pH
Absorption spectra of V(IV)-PAR-DTC ternary complexes at optimum pH are shown in Fig. 1 . The maximum of the complexes with NTC and BTC (curves 1 and 3) lies at about 558 nm, while those of the complex with NBT (curve 2) -at 559 nm. The differences in position of the maxima obtained with monotetrazolium [30] and ditetrazolium halides are not large (only 1-2 nm) but they provoke our attention because such differences are atypical of complexes with MTC and DTC [32] . Another difference between the spectral curves of V(IV)-PAR-NBT on one hand, and V(IV)-PAR-NTC and V(IV)-PAR-BTC on the other hand can be seen in Fig. 1 the absorption band of the NBT-complex is wider; The half width of the first band is 92 nm, while those of the other two bands are close to 80 nm. Fig. 2 illustrates the effect of pH on the extraction of V(IV)-PAR-DTC complexes. Well defined minima at pH close to 5 could be seen in all pH-curves. It can be assumed that at pH < 5.0 vanadium(IV) retains its initial oxidation state, while at pH > 5.05 a mixture of V(IV) and V(V) is extracted [30] . Fig. 2 shows different pH regions for maximum and constant absorbance for the different complexes: 4.6±0.2, 4.85±0.05 and 4.2±0.5 for complexes involving NTC, BTC and NBT, respectively. The conclusion is that the most suitable DTC for the extraction of V(IV) is NBT: i) The optimum pH-interval is broadest; ii) The optimum pH-interval is situated in the most acidic media; hence, better selectivity is expected and no problems with V(IV) aerial oxidation; iii) the absorbance of the blank is lowest (Fig. 1, curve 2') .
A comparison between the optimum pHintervals for the extraction of V(IV)-PAR-DTC and V(V)-PAR-DTC is made in Table 1 
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3.2.Composition of the complexes and reaction schemes
The molar PAR-to-V(IV) and DTC-to-V(IV) ratios were determined by the method of Asmus [38] and the equilibrium shift method [38] (Fig. 3) . The results clearly show that PAR-to-V(IV) and NBT-to-V(IV) ratios (2:1) are constant (no stepwise complexation: Fig. 3 , lines 1,2,3 and 3'), while NTC-to-V(IV) and BTC-to-V(IV) ratios depend on pH and C DTC . NTC-to-V(IV) molar ratio is 1:1 at pH 4.1 (straight line 2'), but increases to 2:1 at pH=4.75 and C NTC >C V(IV) (curve 2"). The same is the case for the BTC-to-V(IV) molar ratio, but the 2:1-complex is formed at higher BTC excess (curve 1').
It is known that VO 2+ ([VO(H 2 O) 5 ]
2+ ) is the most common V(IV)-form in acidic aqueous solutions [7] [8] [9] [10] . At pH values higher than 3.2 -3.5 (if C V(IV) is in the interval from 10 -5 mol L -1 to 10 -4 mol L -1 ) a neutral V(IV)-form VO(OH) 2 prevails [39] . This form can be stable up to pH 6.3-6.4 [39] , provided that precautions are taken to avoid aerial oxidation of V(IV) [37, 40] .
PAR can exist in six forms depending on pH [14, 36] . In the pH-intervals 2.1-4.2 and 4.2-7.0 the most important PAR species are H 2 L and HL -respectively [14] . DTCs dissociate in aqueous solution to form bulky organic cations having two positive charges (DT 2+ ); complexes in which DTC acts as a monotetrazolium cation DT(Cl) + [32] have not been reported. In order to reject the possibility of formation of ionassociate complexes containing DT(Cl) + we obtained the complexes in the solid state, dissolved them in dilute sulphuric acid and added dropwise 3% AgNO 3 solution.
The fact that no white sediment of AgCl appeared showed that the complexes do not contain Cl -. The molar ratios obtained and the known properties of V(IV), PAR, and DTC, as outlined above, suggest the following schemes for complex formation:
(1') Scheme 1. Formation of the 1:2:2 V(IV)-PAR-DTC complexes NTC and BTC can form complexes according to both schemes, while NBT participates in the first scheme only.
Association constants and molar absorptivity
The constants of association characterizing equations 1' and 2' were determined by the method of Komar-Tolmachev [38] (Fig. 4) . For this purpose various volumes of 2×10 -4 mol L -1 aqueous solutions of V(IV) and DTC were mixed in 1:1 (lines 1,2,3) or 1:2 (lines 1',2',3') ratios and the extraction procedure was performed in the presence of buffer solution Table 1 . Molar absorptivity coefficients, constants of association (β) and optimum pH and extraction time (t opt ) for ternary complexes of V(IV) and V(V) [25, 34] X + 2.651×10 -5 (V(IV):NBT=1:2). They allow the calculation both of the association constants and of the true molar absorptivities of the complexes (ε=1/b). The values of ε thus obtained are close to these calculated using Beer's law at the optimum reagent concentrations and pH: ε'=A/(C V(IV) ×l) ( Table 1) . This is an indication of the correctness of the suggested mechanisms and of the absence of serious side-reactions [38] . The exception is line 3 (dashed line in Fig. 4) which would describe the hypothetical ternary complex with 1:1 V(IV)-to-NBT ratio.
A relationship between the association constants and molecular mass of DT

2+
Two factors are of importance, when we discuss the values of association constants β of tetrazolium ionassociates and the possibilities for their predictionthe molecular mass (M) [41] and the presence of -NO 2 groups in the tetrazolium cation [34, 32, 42] . According to [41] a linear relationship exists between M and β: the higher molecular mass, the higher the association constant. The present investigations showed once again (Fig. 5 ) that this statement is not valid for ionassociated complexes of tetrazolium cations, which contain nitrophenyl substituents; if the tetrazolium cation contains -NO 2 the value of β is lower than that expected according to reference [41] [32] .
In this case, the negative influence of -NO 2 on the value of β is beneficial from a practical point of view: only one NBT-complex of V(IV) is stable (Fig. 5 ). This complex (NBT) 2 [VO(OH) 2 L 2 ] is extracted in more acidic media than all of the other V-PAR ternary complexes with mono- [30] and ditetrazolium salts investigated. Hence it is the best prospect for further investigations.
Other extraction and analytical characteristics for the V(IV)-PAR-NBT-waterchloroform system
The constant of distribution expressed as The recovery factor R=(94.47±0.07)% was calculated by the formula R=100×K D /(K D +1).
The constant of extraction expressed as coefficient of K XY =0.9996. The limit of detection (LOD) of 0.05 µg mL -1 and limit of quantification (LOQ) of 0.17 µg mL -1 were evaluated as 3 times and 10 times the standard deviation SD Y respectively. Relative standard deviation (RSD) of 0.87% for five independent samples containing 1.0 µg mL -1 vanadium(IV) was calculated. All calculations were carried out at the 95% probability limit.
Conclusions
1. V(IV) forms ternary ion-associated complexes with PAR and DTC which are efficiently extractable into chloroform. They tend to be oxidised to V(V)-complexes at pH>5 by atmospheric oxygen. vanadium(IV)) and LOD=0.05 μg mL -1 vanadium(IV). The precision and reproducibility of the extractionspectrophotometric procedure are satisfactory (RSD=0.87%).
